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To ensure the accuracy and the intercomparability of the Pu isotope data obtained at different times and by different research groups, one must use a seawater reference material with certified Pu activity and 240 Pu/ 239 Pu atom ratio for the validation of analytical methodology. So far, no such standard reference material is available. In November 2000, the IAEA provided a certified seawater reference material, IAEA-381 (radionuclides in Irish Sea water) for the determination of radionuclides, including Pu in seawater. According to the certification report, 9 the total activity of 239+240 Pu was certified based on the results of an intercomparison measured by alpha spectrometry; however, only an approximate value for the 240 Pu/ 239 Pu atom ratio of 0.22 was suggested, mainly due to the analytical difficulties. With the rapid development of analytical chemistry for Pu isotope analysis in environmental samples using ICP-MS in recent years, [10] [11] [12] [13] [14] [15] it is now possible to make a precise measurement of Pu isotopes in marine samples, including seawater.
In this work, we report a precise determination of 239+240 Pu activity and 240 Pu/ 239 Pu atom ratio in IAEA-381 seawater reference material (SRM) with an isotope dilution technique (ID) using sector-field ICP-MS (SF-ICP-MS) combined with a high efficiency sample introduction system recently established in our laboratory. 14 We modified the chromatographic separation and purification procedure for seawater Pu measurement reported by Buesseler and Halverson, 16 which was initially developed for TIMS analysis. The aim of our work is to provide the precise 240 Pu/ 239 Pu atom ratio in IAEA-381 seawater reference material, so that IAEA-381 can be accepted as a valuable standard reference material for the analytical method validation for seawater Pu analysis. Strengthening the quality of Pu isotope data for the on-going GEOTRACES Project will help scientists to understand the environmental behavior and fate of Pu in the marine environment.
Experimental

Instrumentation
To determine Pu isotopes in seawater samples, we used the SF-ICP-MS (Finnigan Element 2, Bremen, Germany) in the low resolution (LR) mode in order to utilize the maximal instrument sensitivity. An APEX-Q high-efficiency sample introduction system (Elemental Scientific Inc., Omaha, NE, USA) with membrane desolvation unit (ACM) and a conical concentric nebulizer were used. Additionally, the normal skimmer cone was replaced by a high-efficiency cone (X-cone, Thermo Finnigan), further increasing the sensitivity of SF-ICP-MS. All the measurements were made in the self-aspirating mode to reduce the risk of contamination by the peristaltic pump tubing. The SF-ICP-MS was optimized daily using a 0.1 ng ml -1 U standard solution. The operating conditions for the APEX-Q and SF-ICP-MS are summarized in Table 1 .
Chemical and reagents
All commercial chemicals were of analytical-reagent grade and were used without further purification. Nitric acid, HCl, H2O2, NaNO2, NH4OH and HBr were obtained from Kanto Chemicals (Tokyo, Japan). Fe-carrier (20 mg ml -1 Fe in 1 M HNO3) was prepared from iron(III) chloride hexahydrate (Kanto Chemicals). Plutonium-242 (CRM 130, plutonium spike assay and isotopic standard, New Brunswick Laboratory, USA) was used to spike the samples. The mixed Pu isotope standard solution (NBS-947) was provided by Dr. Y. Muramatsu (Gakushuin University, Japan). The anion-exchange resins used in this study were AG 1-X8 (100 -200 mesh, Bio-Rad) and AG MP-1M (100 -200 mesh, Bio-Rad). The seawater reference material, IAEA-381 was purchased from the International Atomic Energy Agency (IAEA, Vienna, Austria).
Sample preparation procedure
Prior to the SF-ICP-MS analysis, Pu in the seawater must be chemically separated from coexisting major and minor elements and purified. The techniques used in this work were primarily modifications of techniques used for the preparation and purification of marine samples for the detection of 239+240 Pu activity and 240 Pu/ 239 Pu atom ratio by TIMS, as reported by Buesseler and Halverson. 16 As summarized in Fig. 1 , prior to the Pu separation and purification steps, 1.0-l of IAEA-381 SRM was weighed into a 2-l beaker, followed by the addition of 1.0 pg 242 Pu spike. The seawater sample and Pu spike were equilibrated for 24 h while being slowly stirred with a magnetic stirrer. After the addition of 1 ml of a Fe solution (20 mg ml -1 Fe in 1 M HNO3), followed by pH adjustment to 9 -10 by the addition of concentrated reagent grade NH4OH, the Pu in the seawater sample was coprecipitated with iron hydroxide. The formed Fe(OH)3 precipitates were stirred for about 2 h and then allowed to settle overnight, so that Pu and other actinides were carried by the Fe hydroxides. The sample supernatant was carefully siphoned off the precipitate and the Fe precipitate slurry was collected in a 150 ml centrifuge tube with repeated rinsings of the sample beaker using deionized water (pH 8) to ensure quantitative collection of the Pu-bearing precipitates. The sample slurry was then centrifuged at 3000 rpm for 1 h. After the overlying solution was poured off, the Fe precipitates were then dissolved in the centrifuge tube with 2.5 ml of concentrated HNO3; 50 ml of 8 M HNO3 was added to the sample along with 0.5 g NaNO2. After heating in a water bath at 40˚C for 15 min, the sample was ready to run onto the prepared first anion-exchange column.
The prepared sample solution (8 M HNO3) was passed through the first anion-exchange column (AG 1 × 8, 100 -200 mesh, Cl -form; 10 ml, packed in Muromac column L, 10 -11 × 118 mm, i.d.), which was pre-conditioned with 50 ml of 8 M HNO3 solution to which 0.5 g NaNO2 had been added. The column was washed with 100 ml of 8 M HNO3 to remove U(VI), Fe and Pb from the column. 17 Thorium was stripped with 80 ml of 10 M HCl, which also converted the resin back into the chloride form. Plutonium(IV) was converted to an anionic chloro-complex and was retained on the resin. Finally, Pu was eluted with 70 ml of NH4I (5%)-HCl (29 + 71) solution, where iodide reduced Pu(IV) to Pu(III). The eluted Pu fraction was collected in a 100 ml Teflon beaker and evaporated to dryness, using repeated treatments with aqua regia (2 × 1 ml) to destroy the remaining ammonium iodide. Then 2 ml (2 × 1 ml) of concentrated HCl were added and the solution was evaporated to dryness. Finally, the sample was brought up in 2 ml of freshly prepared HCl/H2O2 solution (10 ml concentrated HCl with the addition of one drop of 30% H2O2). After heating for 1 h at 40˚C in a water bath, the sample was loaded onto the 612 ANALYTICAL SCIENCES MAY 2007, VOL. 23 Table 1 The operating conditions of APEX-Q and SF-ICP-MS second anion-exchange column (AG MP-1M, 100 -200 mesh, Cl -form; 2.5 ml, packed in Muromac mini column M, 6.5 -8.5 × 58 mm, i.d.), which was pre-conditioned with 7.5 ml HCl/H2O2 solution. The column was washed with 20 ml of 8 M HNO3. Plutonium was eluted with 10 ml of concentrated HBr; the eluent was collected in a 50 ml Teflon beaker. Once this was collected, the sample was placed on a hot plate and the HBr solution was evaporated. When only a few drops of the HBr solution remained, some 1 ml of concentrated HNO3 was added to destroy any traces of HBr. The solution was evaporated to dryness, and then dissolved in 1 ml 4% HNO3 for SF-ICP-MS analysis. Prior to the mass spectrometry analysis, two subsamples were also prepared by a 4-fold and a 10-fold dilution (sub-sample 1: 0.2 ml of the final 4% HNO3 sample solution with the addition of 0.6 ml of 4% HNO3; sub-sample 2: 0.1 ml of the final 4% HNO3 sample solution with the addition of 0.9 ml of 4% HNO3).
Results and Discussion
Characteristics of the employed analytical method
For the determination of Pu isotopes in environmental samples, especially for the high precision analysis of 240 Pu/ 239 Pu atom ratio, it is very desirable to have a highly sensitive ICP-MS analytical method with a low detection limit down to the low sub-femtogram level. Recently, we combined a highefficiency sample introduction system, the APEX-Q system, with our SF-ICP-MS, which resulted in an extremely low detection limit of 0.07 fg (or 0.14 fg ml -1 ) for Pu isotopes. Besides this fantastic improvement in lowering the detection limit, there was also a significant reduction in the formation of uranium hydride ( 238 U 1 H + /U + ranged from 1.16 × 10 -5 to 1.95 × 10 -5 ) 14 which is a troublesome interference in the accurate determination of 239 Pu using ICP-MS. The precision and accuracy of 240 Pu/ 239 Pu atom ratio measurement by the APEX-Q/SF-ICP-MS analytical system were carefully evaluated using a certified Pu isotope standard solution (NBS-947) at 239 Pu concentrations of 150 fg ml -1 and 1500 fg ml -1 . High precision (0.4 -1.4%, 1σ) and high accuracy (0.08 -0.3%, compared with the certified 240 Pu/ 239 Pu atom ratio) were achieved. 14 In addition, we demonstrated that using the APEX-Q sample introduction system with the X-skimmer cone did not introduce any additional mass bias for 240 Pu/ 239 Pu atom ratio determination at the ultra-trace level. Therefore, using 242 Pu as a yield tracer, we found that the combination of APEX-Q and SF-ICP-MS provided an ideal isotope dilution ICP-MS technique for precise determination of the Pu isotope ratio in the seawater reference material.
The chemical separation and purification procedure employed in this work was primarily a modification of the procedure reported by Buesseler and Halverson 16 for Pu isotope analysis by TIMS. Their procedure was characterized by a high chemical yield of Pu (>70%), without having to make a quantitative evaluation of separation between Pu and U; this is important for the ICP-MS analysis of Pu isotopes, considering the high U concentration (ca. 3 ng ml -1 ) in seawater, which is almost 9 orders of magnitude higher than that of Pu isotope in the ocean, 4, 6 while due to the severe contamination of the Irish Sea that resulted from the radioactive discharge from the Sellafield (UK) nuclear reprocessing plant, the U concentration is 6 orders of magnitude higher than that of Pu isotope in the IAEA-381 seawater reference material. We modified the second ion-exchange chromatographic column, using a Muromac mini column, instead of a pipette tip, to improve the reproducibility of the whole chromatographic separation and purification scheme. In addition, we studied the capacity of the modified procedure for Pu and U separation with 238 U tracer using a seawater sample collected in the coastal water in Aomori, Japan. A high decontamination factor of 5 × 10 5 was obtained, which ensured a low U concentration (20 -50 pg ml -1 ) in the final solution from a 1.0-l seawater sample for SF-ICP-MS analysis. These U concentrations in the final solution produced signal intensities less than 8 cps at m/z 239; however, thanks to the high sensitivity of our APEX-Q/SF-ICP-MS system, the signal intensity of 239 Pu in IAEA-381 seawater samples was higher than 17000 cps. Therefore, we considered that the U interferences due to uranium hydride formation and 238 U peak tailing were negligible in our study.
When one uses the isotope dilution analytical technique, the purity of the Pu isotope tracer is very important for obtaining reliable results. The 242 Pu tracer used in this work was prepared in 1 M HNO3 (made from Tama high purity HNO3) from a dilution of the CRM 130 242 Pu isotopic standard, New Brunswick Laboratory, USA. This standard has been routinely used in our lab as yield monitor for Pu determinations by both alpha-counting and ICP-MS. The 242 Pu tracer was analyzed with our APEX-Q/SF-ICP-MS at a concentration of 50 pg ml -1 . The results showed that this tracer had a high purity of 99.92% 242 Pu. With a spike of 1 pg 242 Pu in our study, the blank values of 239 Pu and 240 Pu from the 242 Pu tracer were less than 2 cps. We concluded that our 242 Pu tracer was indeed free of any other Pu isotope contaminants. The background of the chemicals used and the ion-exchange resin was also examined using an operational blank sample. We found that the background signal intensities were 27 cps for 239 Pu and 7 cps for 240 Pu, compared to the signal intensity of higher than 17000 cps for 239 Pu and 4000 cps for 240 Pu in the IAEA-381 seawater samples. We thus concluded the operational blank effect was not significant, and could be readily corrected. Table 2 summarizes the results obtained in this study and the literature data reported for IAEA-381 seawater reference material. During the certification process that used an intercomparison, 17 data sets were reported; most of them were measured using alpha spectrometry. Only one participating lab used ICP-MS for the measurements; therefore, no certified 240 Pu/ 239 Pu atom ratio was provided, just an information value (0.22 ± 0.03). 9 Recently two research groups have reported their analysis results for Pu isotopes in IAEA-381 seawater reference material. La Rosa et al. 18 Table 2 , we made a triplicate (1.0-l seawater for each) measurement, and for each 1.0-l seawater sample, after the chemical separation and purification steps, both 4-fold (sub-1) and 10-fold (sub-2) dilutions of the final 4% HNO3 solution were made to examine possible matrix and Pu isotope concentration effects on the precise determination of 240 Pu/ 239 Pu atom ratio. There was no significant variation for 240 Pu/ 239 Pu atom ratios, which ranged from 0.2304 to 0.2327, with a mean of 0.2315 ± 0.0008 (n = 9, including the sub-sample measurement). Figure 2 compares precision of 240 Pu/ 239 Pu atom data between what we obtained and the values in the IAEA-381 certification report and in the literature. The precision (RSD, %) for the information value of 0.22 ± 0.03 provided in the certification report was 13.6%; while Kim et al. 10 reported the 240 Pu/ 239 Pu atom ratio (0.240 ± 0.05, n = 10) with a much better precision of 2.1%. Here, in this work, we could provide the 240 Pu/ 239 Pu atom ratio (0.2315 ± 0.0008, n = 9) with a precision of 0.35%, which is the highest precision so far reported. It should be pointed out that the high precision reported here is based on 9 repeated measurements, which can be regarded as the external precision. For a single measurement, the internal precision ranged from 1 -2% (1σ). Besides the high precision, our 240 Pu/ 239 Pu atom ratio was very consistent with the 240 Pu/ 239 Pu atom ratio observed in the surface sediments (0.233 ± 0.005) 19 in the Irish Sea where the IAEA-381 seawater reference material was sampled.
Analysis of IAEA-381 seawater reference material
Due to the low concentration of Pu isotopes in the marine environment, the determination of 240 Pu/ 239 Pu atom ratio, which is extremely important and useful for the source identification by ICP-MS, has to be done at ultra-trace level (tens and/or hundreds of fg Pu). The validation of the analytical method, including the correction of possible mass discrimination effects during the ICP-MS measurement, is essential to obtain reliable results. As the Pu isotope standard with certified Pu isotope ratio is no longer commercially available, the use of certified U isotope standard has commonly been used as an alternative approach for the mass bias correction; 15, 20 however, this correction is complicated. It is expected that our results on the precise determination of 240 Pu/ 239 Pu atom ratio can spark additional similar work with efforts to improve the trueness of the isotopic ratio data using an external correction technique as demonstrated by Albarede et al., 21 so that a consensus value of the 240 Pu/ 239 Pu atom ratio with high precision can be reached for the IAEA-381 seawater reference material, thus making it an ideal reference material for not only method validation for seawater samples, but also for more general use as a Pu isotope standard for the mass discrimination correction for other environmental samples when using ICP-MS techniques.
